Introduction
Life is perilous for soil amoebae. Dictyostelium discoideum must survive bacterial pathogens, marauding nematodes, a self-devouring sexual cycle, cheating relatives, cannibalistic cousins, and the constant threat of starvation. Unlike some other soil amoebae, Dictyostelium amoebae have evolved cooperative behavior, at least when they face starvation. If we believe in Darwin at all, we presume that this elaborate sociality provides a substantial selective advantage. However, there are also costs to social behavior and it is in these costs that we encounter some of the major problems of biology.
The Dictyostelids have an elaborate development and, across the w100 known species, there are many variations and diverse morphologies [1] . As a group they are remarkably successful, filling niches from the Arctic tundra to the canopy of the rain forest [2] [3] [4] . The most studied species, D. discoideum, grows in the soil of the southern Appalachian forests [5] , but also in Texas, East Asia, and many other places. We do not know much about how often amoebae of different genotypes mix in nature or how they are dispersed, although migrating birds seem to carry the various species for long distances, and nematodes for short ones [6, 7] . Soil arthropods may also disperse the spores of Dictyostelids. One of their most intriguing and puzzling behaviors is their promiscuous sociality. In contrast to animals, in which all cells of a single organism are genetically identical, starving D. discoideum amoebae readily make mixed fruiting bodies with genetically diverse cells and this exposes them to the risks described below.
Evolutionary biology is interested in increases of system complexity because these transitions involve sacrifices of fitness at the lower level of complexity (an individual animal) and gain of fitness at the higher level (a herd of animals) [8] . As a facultative multicellular organism, Dictyostelium provides an opportunity to examine costs and benefits during the transition between solitary and communal lifestyles.
Development
The asexual developmental cycle, shown in Figure 1 , indicates why these organisms are interesting to students of social and evolutionary biology, as well as to developmental biologists. The amoebae feed on bacteria or yeast during a trophic phase and are relatively omnivorous, devouring many species of bacteria, although a number of human bacterial pathogens can kill the amoebae, at least in the laboratory [9] [10] [11] .
There is little evidence of cooperation until the end of the growth phase, when nearly all of the bacteria have been consumed. At this point the amoebae secrete a glycoprotein called pre-starvation factor (PSF) that causes the induction of an initial set of genes that are associated with starvation [12] -an early stage in both development and social interaction. The amoebae use PSF to monitor the decline of the bacterial food source and the increase in the amoeba population, predicting imminent starvation and the abundance of partners for multicellular development. As starvation proceeds, a new set of genes is induced and, as a result, the previously solitary amoebae begin to collect at central points in large aggregation territories [1] . D. discoideum amoebae attract each other by chemotaxis to sources of cyclin AMP (cAMP), used as an extracellular signaling molecule, but some of the other Dictyostelids use different chemoattractants. cAMP is released from a single amoeba, the signal is detected by newly made cAMP receptors on neighboring cells, which in turn secrete more cAMP, thus relaying the signal outwardly. This developmental step is considered to be a social interaction because it can only exist if most of the cells participate in the production and reception of the signal. If only one or a few cells had to transmit the signal across one cubic centimeter of soil, they would have to produce large amounts of cAMP, at a great cost in energy, to achieve the same relative aggregate size. The signal relay mechanism requires relatively small amounts of cAMP from each individual cell but it is capable of sending the signal farther than an individual cell could and thus increasing the size of the resulting aggregate.
Amoebae move up the gradient and collect at a central region, as shown in Figure 1 . The processes of chemotaxis and motility are well studied and details can be sought elsewhere (for reviews see [1, 13, 14] ). Once development is established, the cells no longer initiate genomic DNA replication, although amoebae that starved during S phase complete the cycle and progress into the G2 phase; bi-nucleate cells complete their cytokinesis and become mono-nucleate [15] . Genes that are usually expressed during growth are shut down and a new cohort of genes is turned on such that a total of about 25% of the genome is differentially expressed during development [16] . Because all of Dictyostelium development takes place during starvation, the cells employ autophagy to provide energy and to recycle components [17] .
The collected amoebae form a mound of adhesive cells. The mound size can vary by four orders of magnitude, depending on cell density, but at its maximum comprises 10 5 cells and is visible to the unaided eye. Within the aggregate, cell differentiation starts, with some cells expressing genes that will contribute to stalk production and others expressing genes for spore production. The ratio of prespore to prestalk cells stabilizes at about 80:20, regardless of the absolute number of cells in the aggregate. Since the stalk cells die and the spores survive, whether a cell becomes a prespore cell or a prestalk cell is crucial to its survival. The establishment and maintenance of cell-type proportioning are determined by processes that depend on the nutritional and proliferative histories of the cells [18] [19] [20] [21] . Cells that are well nourished on extra glucose tend to become spores at the expense of cells that were poorly nourished during their growth phase. Nonetheless, a well-fed population of amoebae still forms stalk cells and spore cells at the correct ratio. Competitive mechanisms that involve lateral inhibition have been proposed to explain the establishment of the ratio, but this critical process in Dictyostelium development remains largely unexplored [22, 23] . A mutant -chtA/fbxA -has been selected that has a disturbed ratio of prespore and prestalk cells, with too many of the former. It is a cheater mutant, which, in a chimera with wild-type cells, fails to contribute to the stalk population and is described below.
Once the cells have aggregated, the mound of cells elongates, forming a slug that migrates over the substratum, whether agar or soil, and finally, when it reaches a suitable place -away from ammonium or exposed to overhead light -it culminates to form a fruiting body consisting of a stalk with a ball of spores on its top. The critical point for our purposes is that spores live and stalk cells die, creating an opportunity for cheaters. Images and videos of Dictyostelium development can be found at http://dictyBase.org.
Phylogeny and Counterparts
The construction of fruiting bodies with the apparent self-sacrifice of stalk cells is a derived character that did not arise until long after the Dictyostelids diverged from other eukaryotes. The divergence, by several phylogenetic analyses, took place before the sister groups of fungi and animals, but after the plantae [24, 25] . Other amoebae with instructive life cycles, including Physarum polycephalum, form part of the same clade.
The life cycle just described has many counterparts elsewhere in biology. Acrasis rosea [26] , a little studied amoeba that derives from a different branch of the tree of life, undergoes an elaborate aggregative development that gives rise to an unusual fruiting body. We do not know, however, whether some of the Acrasis cells are sacrificed to construct this fruiting body.
The myxobacteria also differentiate into fruiting bodies. Although the analogy is not perfect, the individual bacteria contribute to a common good and are thus susceptible to cheaters who receive benefits without making a contribution. Such cheaters, and particularly the defenses against them, have been described by Travisano and Velicer [27] . This idea of variants that defect from contributing to the common good extends to Pseudomonas and other organisms that secrete extracellular digestive enzymes as a population. Individuals that do not secrete these enzymes benefit by being able to take up the resulting smallmolecule nutrients without expending resources on digestive enzymes: such variants have been called defectors. Defectors who make no contribution may also be found in biofilm communities.
Two Forms of Multicellularity
The Dictyostelids, Acrasis, and the myxobacteria all find advantages in increased size. We will return to these advantages, but, for the moment, consider how multicellularity and the attendant increase in size are accomplished. Cells collect from a small volume of soil. In so doing, there is no guarantee that all of the amoebae or the myxobacteria will be genetically identical. Some divergent cells may have an advantage and thus compete to form spores, thereby increasing their frequency in the next generation. By contrast, animals and plants develop from a zygote. All cells in the resulting organism (barring the immune system and a few other cases) are genetically identical. Somatic cells, even if they had some means to develop genetic diversity, would be excluded from the germline and the next generation. Recent studies with Dictyostelium isolated from 200 mg samples of soil have used micro-satellite sequencing to show that many wild micro-populations, or even individual spore masses contain several genotypes [28, 29] . Apparently, there is diversification and churning in the soil. Such cells co-aggregate and form fruiting bodies, but, as might be expected in a system where 20% of the cells die, some lineages form prespore cells and then spores without contributing their fair share during the formation of the stalk [30, 31] . We define such cells as cheaters, commensurate with the broader definition of individuals who take advantage of social benefits without contributing to the full cost of the common good.
Thinking about the evolution of multicellularity requires us to consider kin selection. The evolution of sacrifice of a percentage of the population during development depends on the relatedness of the reproducing population to the sacrificed population (r) and the reproductive benefit gained by the reproducing population (B), minus the cost to the individual performing the act (C). Thus, if rB-C > 0, cooperativity can evolve, whether in social amoebae or in social insects [32] . If we reduce the relatedness, then the benefit has to be greater or the cost smaller for cooperativity to evolve. Low relatedness introduces the danger that competitors who ignore the rules of the society might enter a cooperating lineage and exploit the cooperative process, resulting in its collapse [29, 33] .
Imagine a thousand groups of one thousand individuals with some traffic among the groups. Some of these micro-colonies possess the ability to make stalks to suspend their spores but lose 20% of their members in the process, others do not have this capacity and form spores on the ground, although every cell forms a spore. All of the cells in stalk-forming populations have the same chance to form stalks (20%), but there will be fewer spores than in the primordial population (800 vs. 1000). Populations with very high relatedness (r) could evolve the behavior if the benefit (B) is greater than the loss (C = 20% or 0.2).
Advantages of the Aggregative Lifestyle
What could be the advantage of producing a fruiting body rather than a solitary spore, as Bacillus subtilis or B. anthracis do? Some Dictyostelid species produce microcysts, which are solitary spore-like structures that do not require sociality [34] . Such a capacity may have a great selective advantage when a cell is alone. But what is the advantage of the multicellularity that occurs during fruiting body formation?
We speculate that the fruiting body aids in dispersal and that the survival frequency of a dispersed population is more than 20% greater than the survival rate would have been if the cells had formed solitary spores on the ground. The motility of slugs is much greater than that of individual cells -and the larger the slug the greater its mobility -and they can traverse rather rough soil [35, 36] . The slugs are thermotactic and phototactic [37, 38] and the resulting positioning of spores toward the surface of the soil may provide a better dispersal by wind, flowing water, or adhesion to motile animals [39] . The soil is an environment of small crevasses left by passing micro-arthropods and worms. Bacteria, the food source of Dictyostelium amoebae, result from the droppings and bodies of arthropods or other animals or the mulch of plants. As the slug moves, it leaves behind individual cells and these can also give rise to colonies [36] .
There is also a protective role of multicellularity. The most frequent animals encountered in the soil are probably nematodes [7] . They compete with the amoebae for bacteria and also eat the Dictyostelium amoebae. Nematodes, curiously, are chemotactic to cAMP [40] , which the amoebae secrete in large amounts during aggregation. Although the amoebae are easy prey for nematodes once the bacteria are eaten, the amoebae aggregate and secrete a mucopolysaccharide sheath around the aggregate and the slug [7] . The nematodes cannot penetrate the sheath and thus thousands of amoebae, in a sort of convoy, are protected from the nematodes. The slugs eventually form fruiting bodies and spores. The spores pass unharmed through the gut of the highly motile worms and are dispersed (with bacteria) over distances of 5 or 10 centimeters, which is a substantial voyage for something so small.
Limitations of the Aggregative Lifestyle
There are other important distinctions between multicellular organisms assembled by aggregation and those derived from a zygote. The first of these concerns size. The Dicytostelids and similar organisms can only reach a modest size. They have not mastered the task of developing while feeding, as animals have.
Animals, by contrast, can feed and pass the differentiated state to daughter cells and thus become exceedingly large. This is not to say that all amoebae create small structures. P. polycephalum, for example, creates syncytia that may be many centimeters in diameter; however, these syncytia arise from a single amoeba that fails to undergo cytokinesis after each nuclear division. Thus, all of its many nuclei are genetically identical and relatedness is very high. One might expect that if nuclei of another genotype attempted to invade, they would be met with an incompatibility response -such a response is in fact known to occur when chimeras are created [41] .
A second limitation of the aggregative form of development is that these organisms are subject to invasion and exploitation by relatives who force one strain to contribute an excessive number of cells to the dead stalk whilst themselves avoid contributing to the common good. In the case of the social amoebae, one of the first observations of this exploitation was made by Leo Buss who found cells of wild isolates of D. mucoroides that compete with other cells. Buss suggested and then developed the idea that the aggregative form of multicellularity was open to exploitation by cheater mutants [42, 43] .
Strassmann, Queller and their students have isolated new strains of D. discoideum and shown that there is genetic variation in the population and, as mentioned, that variable genotypes can be found in the same small soil samples. When chimeras of two strains are created, there is not necessarily an equal contribution to the stalk population and one strain may suffer at the expense of another [28, 30, 31, [44] [45] [46] [47] . The mechanism by which this happens is not known for the wild strains, but can be studied using mutants of the laboratory strain, as described below.
How can population diversity persist in the face of robust cheating during the asexual cycle? Why do we not observe one superior lineage or species go to fixation? We can only speculate about the answer, but cheating of wild strains has only been studied under laboratory conditions. Perhaps during normal growth and development in the soil or during the sexual cycle (see Box 1), the advantage is reversed. Rapid dispersal to a clonal condition may purify a population that is heavily contaminated with cheaters. Countercheaters may evolve in a sort of arms race. The cells that participate in an aggregative life style do not have the instincts of Sydney Carton in A Tale of Two Cities, who, in sacrificing himself for a rival, said famously, ''it is a far, far better thing that I do.''. Over time, the cells evolve ways to avoid contributing more than their share to a lethal fate.
Making Mutants That Cheat
Following the suggestion of Buss that cheaters could evolve, Ennis and colleagues [48] [49] [50] asked whether it would be possible to isolate such mutants in the laboratory and to determine the nature of the affected gene. Because many laboratories have studied Dictyostelium, a large body of genetic technology has emerged, making this organism the most genetically tractable of the amoebae. Thus, using a process called restriction enzyme mediated integration (REMI), it is possible to insert DNA randomly in the genome, causing insertion mutations. The affected genes of interesting mutants can be recovered by plasmid rescue or PCR and, because the sequence of the D. discoideum genome is known, it is possible, by sequencing the flanking region, to determine which gene has been mutated [51] . Current methods lead to disruption of an entire gene, however, and do not permit isolation of point mutations that could have more subtle effects.
To isolate cheaters (or as it turned out, one cheater), Ennis mutagenized a population of amoebae by REMI and then let the whole population make spores. The purified spores were germinated and then grown for a few generations before being again allowed to develop and sporulate. He repeated this cycle 20 times, plated the spores clonally and examined strains with unusual phenotypes. One clone constituted a large percentage of the survivors and had long slugs. The strain made very few pre-stalk cells -the traditional 20:80 ratio was badly disturbed. By itself, the cheater strain made almost no mature spores -reducing its fitness for solitary life to near zero. In a chimera, however, this strain forced the cells of the parental strain into complete stalk cell submission, while it made the spores, as shown in Figure 2 .
The chtA/fbxA cheater strain carries a mutation in the apparatus that controls the proteolysis of specific proteins -the so-called SCF complex -and the particular protein affected is called FbxA. This protein selectively binds to the target that is about to be destroyed by proteolysis, bringing it into contact with the ubiquitin-mediated proteolytic apparatus. Firtel and colleagues [52] showed that the target protein was a cAMP phosphodiesterase called RegA that controls the levels of cAMP, a crucial regulator of developmental progression. Suppressor screens revealed that the shift in proportionality to prespore cells could be suppressed by mutations in the cAMP phosphodiesterase or in a histidine kinase called DhkA [53] . Histidine kinases form parts of signaling pathways used by bacteria, certain yeasts and Dictyostelium to respond to extracellular events [54] . While we do not know more about how the ChtA/FbxA protein affects cell-type proportioning, we speculate that it is tied to the ability to cheat against the parental strain, possibly by an extracellular signal.
A limitation of the original cheater selection was that, ultimately, one defective strain resulted and, while reconstruction experiments showed that it was indeed a cheater, this left open the question of whether lineages that by themselves develop normally could also be selected. Perhaps the developmental program is so tightly regulated that any tampering with it could lead to morphological defects, permitting only wounded cheaters. Such selections are feasible and will shortly answer this question.
How to Cheat -A Guide
The asexual and sexual developmental cycles of the Dictyostelids are sufficiently complex that there are many ways in which one genetic variant or related species could take advantage of another. Imagining how this might occur reveals potential evolutionary strategies and also leads us to ask questions about how these cells signal to each other during normal development and how they recognize cells that are not related.
Inhibitory Molecules
In a chimeric aggregate, when relatedness is not complete, the possibility of cheating to avoid the risk of dying as a stalk cell arises. There are examples in the literature that provide mechanisms of cheating. Certainly there are many examples outside the Dictyostelium field of killer strains of yeast or of other organisms. Within the Dictyostelium clade, Mizutani, Hagiwara, and Yanagisawa [55] [56] [57] have described several secreted factors from Polysphondylium pallidum that seem to be small proteins that inhibit the growth of other isolates of P. pallidum or the cells of The sexual development of D. discoideum.
The sexual development of D. discoideum and related species is not as well studied as asexual development, but is significant for our purposes [69, 70] . During sexual development, favored by the presence of two mating types (A and a) and moist conditions, two haploid cells fuse to form what is known as a zygote [71] [72] [73] [74] . This large and motile cell then does the extraordinary. It abandons all restraint of self recognition that previously forbade the ingestion of one cell by another, and becomes intensely phagocytic, cannibalizing those laggards of either mating type that did not fuse. This structure is known as a giant cell and it can consume hundreds of amoebae. As it digests the victims, it constructs three walls of cellulose and becomes a macrocyst (see Figure) . Evidence from D. mucoroides suggests that segregants eventually arise by a meiotic process [75] , but no-one has succeeded in making the sexual cycle of D. discoideum into a genetically useful system. The problems are two-fold -germination rates of the macrocysts are low and, upon emergence from a single macrocyst, amoebae do not produce the expected meiotic classes or are not recombinant at all and possess only one of the two input mating types [66] . Although we do not know much about the prevalence and consequences of this process in the wild, it is interesting from a social evolution standpoint. We speculate that one mating type may take advantage of mating to increase its proportion or even take over the population at one fell swoop (see 'Cheating the Sexual Cycle').
The sexual cycle begins with the fusion of two cells, but the nuclear genomes are not the only genomes involved. In animal fertilization only the female passes on the mitochondria but this is not the case in the fusion of cells during the Dictyostelium sexual cycles. Nonetheless, in the case of P. pallidum, a species with better macrocyst germination than D. discoideum, only the mitochondria from one parent are found in the progeny of germinated macrocysts [76] . The sexual cycle of D. discoideum. During the sexual cycle of D. discoideum and similar species, two cells of opposite mating type fuse to form a cell called a zygote. This cell is intensely phagocytic and proceeds to eat many other amoebae before forming a macrocyst with trilaminar cellulose walls. The figure includes our speculation on how one genotype may take advantage of the sexual cycle to increase its frequency in the population.
related species. These secreted molecules, which have received too little attention, may also prevent competition by related species for nutritional resources or for a chance to form spores in a chimeric fruiting body. Another example is provided by D. caveatum, which secretes a small organic molecule that is capable of inhibiting the development of D. discoideum or other species if D. caveatum has invaded the aggregate [58, 59] . A ratio of 1 D. caveatum to 5,000 D. discoideum amoebae is adequate to create complete inhibition of development of the D. discoideum. The structure of this molecule is not yet known, but for further information and videos of this effect, see [60] .
Eat Your Neighbor
One excellent way to cheat would be to use the phagocytic capacity present in every Dictyostelium amoeba to eat neighboring cells. Apparently there are mechanisms employed by like cells to prevent this, but these mechanisms can break down as is seen in several cases. The giant cell of the sexual cycle described in Box 1 is formed from the fusion of two amoebae of opposite mating types. The resulting zygote, initially called a giant cell, loses all restraint and eats the remaining amoebae. It is not clear if it will eat everything in its path, but it certainly devours its haploid progenitors of both mating types. To date, no hyperphagocytic cheater mutants have been found among the several selections carried out with D. discoideum.
The case of D. caveatum is again instructive. After inhibiting the development of the species that it has invaded, D. caveatum proceeds to eat them [59, 60] . When all of the D. discoideum amoebae have been consumed, D. caveatum fruiting bodies arise from the carcass of the victim. D. caveatum does not eat itself except when mutations have been introduced and, in this case, a mutant loses restraint and one amoeba eats another, in a sort of grande bouffe, until only one or a few are left [61, 62] . It is a very antisocial kind of mutant.
Conserve Your Energy
Development occurs during starvation so conservation of resources should confer an advantage. Cells grown on glucose have an advantage in making spores while in chimerae with cells grown without glucose [19] . One might imagine that strains could become cheaters if they reduced their participation in costly social activities. For example, cAMP signal relay is a costly process. Cells produce and secrete pulses of cAMP for the first few hours of starvation and at least some of the cells continue to produce and secrete it later in development ( Figure 1) . A strain that does not secrete cAMP could enjoy the benefits of the signal emanating from its neighbors without paying the ATP energy bill. Likewise, cells that do not secrete the pre-starvation factor PSF might also be cheaters. Cells that do not secrete PSF or cAMP would be counter-selected, however, if they found themselves alone in a genetically pure colony, where they would fail to develop.
Manipulate or Ignore Intercellular Signals
The apparently altruistic cells that contribute to the stalk may in fact be forced by other cells to assume this fate. These dominating cells may be larger or at a different stage of the cell cycle when the cells starve than the cells that will ultimately form the stalk. Domination presumably occurs through signals and thus the ability to ignore them might help a cell avoid the stalk cell fate. The chtA/fbxA mutation may act in this way. One demonstration of this principle stems from genetic ablation work [63] . Expression of the toxin gene ricinA leads to cell-autonomous death, without poisoning the neighboring cells. Shaulsky and Loomis [63] found that killing prespore cells by expression of ricinA from a prespore-specific promoter results in trans-differentiation of prestalk cells to replace the prespore cells. Killing of prestalk cells did not result in prespore-to-prestalk differentiation. The interpretation is that all developing cells are in a race to become prespore cells. The first cells to become prespore cells secrete an inhibitor of prespore differentiation and inhibit the remaining cells from doing the same. Cells that have not differentiated as prespore cells retain the tendency to become prespore cells but are forced to become prestalk cells. Elimination of prespore cells relieves the inhibition, allowing prestalk cells to trans-differentiate. Strains that produce more of the inhibitory signal or cells that lack the receptor might become cheaters.
Develop Quickly
If we are correct in proposing that prespore development precedes prestalk development, then strains that develop rapidly should have an advantage. A number of mutants that develop too quickly are known [64, 65] . Mutations in rdeA, regA, or pkaR all disturb cAMP metabolism and cause rapid development. However, like chtA/fbxA, they cause gross defects in morphology and might not survive as clonal colonies.
We have tested these loss-of-function mutants and they were not cheaters (G.S. and W. Loomis, unpublished data), but it is possible that more subtle mutations that affect the rate of development could cause cheating.
Cheating and the Sexual Cycle
Although little studied (see Box 1), the sexual cycle may be a significant event in the wild. When we think of meiosis, we imagine that all genotypes may emerge and meiosis is sometimes described as a mechanism to assure fairness. The Dictyostelium sexual cycle offers the opportunity for strains that have diverged significantly to cheat -more of an acquisition than a merger. Recall that a zygotic cell is formed at the beginning of the process, self recognition is lost and the remaining cells are eaten (see What Constrains Cheating? Cheating must be limited because otherwise the cheater would have taken over the population. Cheating might be constrained by a number of mechanisms. For example, the life cycle of Dictyostelium probably leads to fairly frequent isolation of a single spore. This spore gives rise to a clonal colony. In its previous evolution, when it may have bested some genetically different strain in a chimera, this strain would be counter-selected if it accumulated mutations that would affect its development as a unitary colony. Thus, chtA/fbxA would be doomed if its spores were dispersed to grow by themselves. Even in chimerae, Gilbert et al. [29] have calculated that, when the proportion of chtA/fbxA cells exceeds 25%, the advantage of the cheater relative to wild type is lost. These authors have also sampled 95 independent fruiting bodies isolated in the wild and tested 3,316 spores without finding a colony with defective morphology, which indicates that, at least in a limited sample, morphologically recognizable cheaters are not common. There is another case where pleiotropic effects constrain cheating. The mutant dimA is defective in a particular transcription factor. When dimA mutant cells are mixed in chimeras with a parental strain, they initially form an excess of prespore cells and do not contribute to the prestalk cell population. Nonetheless, cells carrying the dimA mutation fail at a later stage and, despite a promising beginning, form fewer spores than the parental strains in the chimera [67] .
As has been pointed out by Steven Frank (see the Guest editorial), self restraint evolving from kin selection based on relatedness may not be sufficient to explain how competition of lower order units is suppressed in the formation of complex multicellular units, such as the aggregates and fruiting bodies of Dictyostelium [68] . In considering this problem for myxobacteria, Travisano and Velicer [27] consider two mechanisms to control social cheating -policing and exclusion. Policing is not known for D. discoideum, but the related species P. pallidum secretes an inhibitor of other cells of its own species as well as of cells of other species and this inhibitor, described above, may be involved in policing and constraining cheaters or predators such as D. caveatum.
Exclusion of cells that do not have identical cell surface markers (or other tags) from an aggregate would control cheater effects. Recent experiments using different wild strains of D. purpureum show that individual isolates of the same distinctive species sort out when mixed. One does not kill the other, but neither do they allow joint formation of spores, so cheating is avoided and altruism is directed toward kin [47] . Divergent cell-surface proteins that mediate self-recognition may act as surrogates of evolutionary distance. Certain molecules on the surface of the amoebae seem to be polymorphic and may act to prevent mixing of lineages. These are under active investigation and will provide this story with a molecular basis.
Conclusions
Social amoebae display many of the behaviors that have inspired the works of William Donald Hamilton, Richard Dawkins, John Maynard Smith and others. The amoebae of D. discoideum and related species exhibit altruism and cheating and can discriminate between self and kin. Unlike many other interesting social organisms, amoebae are easy to collect in the wild and are amenable to laboratory experimentation. With the power of genetics and genomics, the molecular basis of social behavior is now being examined. Although the molecular details of social processes are not likely to be common in all multicellular organisms, the principles are likely to be very similar. We expect the following decade to yield many interesting discoveries on the molecular basis of sociality.
